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ABSTRACT

The blue crab, Callinectes sapidus, represents an ecologically and economically
important component of marine and estuarine ecosystems.

In Florida, blue crab

landings accounted for $9.6 million dollars during the 2010 fishing season. Accurate
stock assessments for this valuable fishery are essential. Age is a critical biological
component of accurate stock assessments; however, blue crabs and other crustaceans
are especially difficult to age because of the complex nature of discrete growth.
Biochemical extraction of an aging pigment, lipofuscin, was developed using blue crab
eyestalks.

The current study investigated the effects of freezing preservation on

lipofuscin extracts and examined whether the extraction methodology, developed by
Chesapeake Bay researchers, was useful for aging Tampa Bay blue crabs populations.
Significant differences in lipofuscin index were found between samples frozen (2 weeks
at -80ºC) prior to analysis and those processed and assayed immediately (p < 0.001).
Quarterly assays of the cohort of known-age individuals revealed a negative linear trend
(y = -0.12x + 0.49, p < 0.001) in lipofuscin index over a 12-month period. This result
suggests that extraction of lipofuscin is not appropriate for age determination of Florida
blue crabs.

Investigations into possible causes of the negative trend in lipofuscin

suggest this method deserves further examination and refinement before it is acceptable
as a reliable method for age determination in Florida blue crabs. Growth data of the
known-age population collected during this study revealed that blue crabs in Tampa Bay
can reach exploitable size in under sixth months and female crabs can reach sexual
v

maturity within seven months of hatching. These growth patterns have the potential to
enhance future Florida stock assessments.
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INTRODUCTION

The blue crab, Callinectes sapidus, is an ecologically and economically important
component of tropical, subtropical, and temperate ecosystems. The blue crab has a
broad geographic range, extending from Argentina in the southern hemisphere to
Massachusetts in the northern hemisphere (Norse 1977). Blue crabs are fundamental
components of estuarine food webs, functioning as both predator and prey. In addition,
the blue crab is, arguably, one of the most important biotic determinants of community
structure in estuarine ecosystems (Guillory et al. 2001). Blue crab diet varies across
different trophic levels depending on its life history stage. For example, blue crabs have
been observed scavenging carrion or actively preying upon bivalves, crustaceans, fish,
and amphipods (Tagatz 1968). Conversely, blue crabs are prey for many large fish and
birds (Miller et al. 2005, Puckett 2008). The functional role of the blue crab in aquatic
ecosystems is dynamic and provides an important connection between benthic and
pelagic food webs (Baird & Ulanowicz 1989).
Habitat selection by the blue crab is based on the ecological requirements of
each life stage and the influence of thermal optima, food availability, and predation
pressure (Steele & Bert 1994). Mature males are most abundant in low salinity estuaries
where mating occurs (Steele & Bert 1994). Immature females seek out low salinity
estuaries having high densities of mature males and mate between March and
December. Following successful mating, the interval between mating and egg extrusion
varies between two and nine months. A two month interval is most common, when
1

mating occurs in the spring and summer. Blue crabs that mate during fall and winter,
however, spawn during the following spring when water temperatures rise to about 19ºC
(Steele 1979). Once mated, the now mature post-copulatory female migrates to high
salinity waters offshore to spawn. Blue crab larvae develop as part of the plankton and
utilize oceanic tides to return to estuarine environments to grow and mature (Miller et al.
2005).
A large, well-established U.S. fishery exists over the geographic range of the
blue crab. The Florida blue crab fishery has evolved from isolated owner operators into
an organized and mobile statewide industry. Fishery management optimizes resource
utilization and strives to maintain a sustainable yield. Regulations have been
established to maintain the robustness of the fishery; these include minimum size limits,
licensing, gear identification, protection of egg-bearing females, and gear regulations
(Steele & Bert 1998). Historically (1950-2000), Florida landed approximately 16 million
pounds of blue crabs annually, resulting in more than $3 million in US ex-vessel value
(NMFS). Blue crab landings were first reported in 1880; however, reporting was
sporadic until 1927. During this period, yearly averages were less than 10,000 pounds.
Florida landings significantly increased to 1 million pounds during WWII, but it wasn’t
until 1965 that a remarkable 27 million pounds were landed for the year (Steele & Bert
1998).
Historically, annual landings in Florida fluctuated on 4 year cycles. In the early
1990’s the Florida fishery thrived, including an increase in ex-vessel value (Steele & Bert
1998). However, in 1995 blue crab landings decreased to 3.4 million pounds, the lowest
in a decade, on the Atlantic coast alone (Steele & Bert 1998). Landings have continued
to decline in more recent years. Between 2006 - 2007, landings declined 37% by weight
and 4% by effort. Similarly the 2007 - 2008 landings declined by 19% for weight and
2

19% by effort (NMFS). Landings for the 2008 - 2009 fishing season demonstrated the
most significant decrease, 41% from the previous year; more specifically the Gulf of
Mexico decreased by 56.6% and the Atlantic by 17.1%. This is the lowest total blue crab
landing the state of Florida has observed since 1950 (Ryan Gandy pers. comm.). In
contrast, current 2009 - 2010 landings have shown an increasing trend for the first time
since 2004. An increase of approximately 68% was observed between 2009 and 2010.
Thus, the current cyclical pattern may be closer to seven years, rather than previously
observed four year cycles (Ryan Gandy pers. comm.).
The long-term decline in blue crab fishery landings over the past six decades
stresses the importance of increased research for blue crab management. In order to
implement a successful management plan, accurate life history and stock assessment
data are crucial. Multiple models have been created to assess blue crab population
dynamics; almost all of which incorporate life history components, such as natural
mortality, growth rate, body size, and age. The most recent Florida stock assessment
utilized three modes for analysis: catch survey analysis, biomass dynamic model, and
stochastic stock reduction analysis (Murphy et al. 2007). Each of the three models
reached a different conclusion. The catch survey analysis and stochastic stock
reduction analysis signified no overfishing from 2002 - 2005. The biomass dynamic
model indicated overfishing on both coasts since the 1960’s, reducing the stock size
below biomass levels associated with maximum sustainable yield. The only
commonality between the three models has shown that blue crab populations are
resilient to high fishing pressure. The discrepancy between models underscores the
lack of accurate data on life history parameters and stock abundance, which significantly
affects the outcome of population and stock estimates (Murphy et al. 2007).
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One of the essential life history components of fisheries models is age. The age
of blue crabs is debated among scientists, due to their complicated life cycles and lack of
consistent growth patterns. Length-frequency measurements, although widely used by
fishery management, lack the ability to accurately determine the age of blue crabs. This
method relies on the identification of size modes in a sample and accurately equating
those modes to year classes or recruitment cohorts (Hartnoll 2001). Under ideal
circumstances, modes are clearly defined and size-frequency distributions are normally
distributed, making analyses relatively straightforward. In application this may not be the
case, leaving interpretation of size-distribution data vulnerable to human error (Hartnoll
2001). One of the most significant downfalls of length-frequency data is the inability to
account for biological interactions in crustaceans, including discrete growth, and ecdysis
dependence on environmental changes (Hartnoll 2001).
The main difficulty in aging crustaceans is that they lack traditional aging
structures (i.e. otoliths, scales, spines), and their periodic loss of all mineralized
structures though the complex process of ecdysis. The absence of accurate age
determination has provided a distinct challenge in modeling and managing the
commercial fishery (Puckett et al. 2008). In the absence of age-based methods, lengthfrequency modal analysis has been effectively adopted in many vertebrate fisheries;
however, it has been unsuccessful in crustaceans (Puckett et al. 2008). The complex
growth cycle of the blue crab is greatly influenced by environmental factors of salinity
and temperature (Steele & Bert 1994). Temporal and spatial changes in temperature
and salinity affect growth rates of individuals of the same age in different ways. Thus,
body size is a poor indicator of age.
Over the past 30 years, new methods for determining age in crustaceans have
been developed. The compound lipofuscin (LF), also known as an ‘age pigment’, is
4

regarded as a “hallmark of aging” (Terman & Brunk 2004a). It has been studied broadly
since 1886 in vertebrate and invertebrate taxa for its role in senescence (Szweda et al.
2003, Cassidy 2008). Lipofuscin is acquired in post-mitotic cells (i.e. neurons and
cardiac myocytes) as a function of oxidative stress (Terman & Brunk 2004b). The first
attempts to age crustaceans using lipofuscin were performed histologically. While the
methods are established, it is also time consuming and labor intensive. In the early
1980’s, Ettershank et al. (1983) pioneered the research of lipofuscin extraction in the
fleshfly, Sarcophaga bullata, using spectrofluorometry. Although this basic methodology
has been used by many investigators, one of the biggest problems in the biochemical
analysis of lipofuscin (aging pigments) is the lack of standardization in methodologies. It
is important that a standard be created for replication and verification of results. This
becomes especially important when analysis is used in fishery management for a
species with a significant economic and ecological value spanning a wide geographic
range.
No clearly defined protocol for lipofuscin analyses or preservation technique has
been demonstrated to be effective without introducing variation. Ettershank (1983),
established the first process in which lipofuscin was extracted biochemically for aging
crustacea. Ettershank’s extraction process continues to be the basis for the current
protocol. The steps that have been changed in more recent studies are the omission of
formalin as a fixative and the normalization to protein, rather than weight. The next
landmark in age pigment extraction was set by Nicol (1987) and Hirche et al. (1987).
Nicol modified Ettershank’s method by freeze-drying samples in lieu of formalin fixatives,
using whole animals, and removal of sonification to initiate solvent extraction. Whole
animal samples were necessary due to the size of the copepod used in the study. Hirche
et al. (1987) also used whole animals in a formaldehyde fixative for processing spider
5

crab larvae due to the impracticality of separating tissues. Hill and Wormsely (1991)
performed one of the first investigations into preservation effects on fluorescence of
aging pigments. Fish skeletal tissue of Oreochromis mossambicus was used to examine
the effects of temperature at various stages of age pigment analysis. A sample of
muscle was subjected to -200 C and -800 C for periods of 5, 15, 30, 60, 90, and 120
days. After treatment, the sample was frozen with liquid nitrogen until age pigment
analysis. Quantification of pigments was performed using a variation of the procedure
developed by Ettershank (1983). Hill and Wormsely (1991) found that when preserved
at a temperature of -800 C, there was no change to fluorescent age pigment
measurements after 120 days. However, at -200 C there was a linear increase in
fluorescent age pigments after 15 days. While this validates that fluorescent age pigment
was not altered during freezing at temperatures of -800 C, we must keep in mind that
samples were from the muscles of a vertebrate fish, and do not serve as validation for
neural tissue of an invertebrate species.
Quantification of aging pigments in blue crabs, C. sapidus, began in 1999 with
the investigations into the Chesapeake Bay fishery by the researchers Harvey, Secor,
and Ju. These authors adapted Ettershank’s protocol and applied it to C. sapidus. In
1999, Ju approached the study of lipofuscin in blue crabs without the use of
preservatives and assayed samples fresh to avoid any unnecessary variance.
Additionally, this author indexed lipofuscin to protein, using a method developed by
Nguyen and Harvey (1994) to analyze protein content of the sample, thus eliminating the
need for sample dry or wet weights. Research by Puckett et al. (2006, 2008) used the
extraction protocol established by Ju (1999) and returned to the preservation of samples
by freezing instead of utilizing fresh tissue. In the 2006 study, excised eyestalks were
frozen at -700 C prior to lipofuscin analysis. These authors provide no time period for
6

treatment by freezing in the methodologies of their work. Since freezing and storage
period was previously documented to alter fluorescent age pigments and protein
concentrations of samples, this approach remains a concern. Conversely in 2008, these
authors returned to sonication of the excised eyestalk, and stored the extract at -700 C.
The Ettershank (1983) study explored preservation techniques including freezing of
tissue samples for lipofuscin analysis,. However, these authors only experimented with
tissue samples from six animals to determine the difference between preservation
techniques using alcohol, freezing, and fresh samples. Small sample sizes used in this
study are potentially misleading and may not fully articulate the actual variability between
the preservation methods.
There is an ongoing debate within the scientific community over the validity of
using lipofuscin extraction to determine blue crab size and age, owing to methodology
concerns discussed above. Sheehy (2008), expressed concerns which include 1)
targeted identification of extractable lipofuscin, 2) correlation of extractable lipofuscin
with in situ lipofuscin, and 3) use of protein assay to normalize lipofuscin concentrations.
While these are valid concerns regarding accuracy, precision, and bias, each was
addressed and defended by Harvey et al. (2008). Through this debate, other valid
concerns were expressed questioning the technique and its application. Further studies
must recognize that the extraction technique does not specifically identify the lipofuscin
molecule, but extracts a suite of pigment molecules that accumulate with age and react
similarly to extraction and assay as lipofuscin. Harvey et al. (2008) clarified this fact in a
response to Sheehy (2008) and noted that the suite of extracted molecules should fall
under the term ‘aging compound’. When aging compounds or aging structures are
considered as cellular markers for age, the applications are valid despite the chemical
makeup and the course of formation (Harvey et al. 2008). The current research into blue
7

crab age structure of the Florida fishery using the extraction technique was underway as
this debate was evolving.
One of the most important approaches to fisheries applications is validation of
age estimates (Beamish & McFarlane 1983, Campana 2001). Extraction of lipofuscin
permits relatively rapid processing of large sample sizes that are relatively inexpensive,
making it ideal for fishery applications (Puckett et al. 2008). Ju et al. (1999, 2001) and
Puckett and Secor (2006) validated age for this method. These authors reared knownage crabs in semi-wild conditions and found a strong correlation between the extracted
‘aging compounds’ with time (Puckett & Secor 2006). Correlations were additionally
found to be consistent under varying environmental conditions, further validating the
process (Harvey et al. 2008).
The goal of this thesis was to verify the effectiveness of lipofuscin extraction
techniques in determining age of the Florida blue crab and to validate the standard
methodologies for use in the 2013 Blue Crab Fishery Stock Assessment. In particular,
the concerns related to freezing preservation were investigated. The specific research
objectives were:
1) Determine if a difference exists in lipofuscin indices between the left eyestalk and
right eyestalk in the Tampa Bay blue crabs.
2) Determine if any differences exist in lipofuscin indices between freshly processed
left eyestalk and right eyestalks frozen for a period of two weeks at -800 C.
3) Evaluate one year of lipofuscin data with respect to age for a wild caught youngof-the-year cohort of blue crabs raised in ponds at the Florida Fish and Wildlife
Research Institute (FWRI) Stock Enhancement Research Facility (SERF).
4) Sample wild Tampa Bay populations and compare lipofuscin index to known-age
crab lipofuscin indices.
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METHODS

Verification of this methodology began in 2008 with an overall goal of its
application to Florida’s blue crab fishery in the 2013 Blue Crab Fishery Stock
Assessment. Determining the differences in lipofuscin concentration between the left
and right eyestalks was essential for validation of the technique and would significantly
decrease the sample volume required for each animal. After validation of bilateral
lipofuscin concentrations, an investigation was conducted to verify that preservation of
blue crab tissue samples by freezing does not alter the lipofuscin content. Completion of
these objectives was important for the development of a reliable, standardized
methodology for researchers to follow. Once validated, the extraction and preservation
methods were used to create a known age calibration curve using known age pond
raised blue crabs. Known age curves are the critical component used to compare to wild
populations to determine the age blue crabs are when they recruit to the fishery, reach
sexual maturity, and their maximum age.

Field collections. Wild blue crabs sourced from local commercial fisherman
working the Little Manatee River (27°44'44.22"N, 82°29'46.69"W), Florida were used to
evaluate differences in lipofuscin accumulation between left and right eyestalks (n = 128)
and the effects of freezing (n = 127) on the biochemical extraction process. For both of
these objectives, it was important to use larger crabs to ensure that a sufficient tissue
sample could be obtained, in order to reduce tissue contamination from retinal pigments,
9

and to provide enough material to obtain more accurate readings. Smaller immature
crabs could result in increased dissection error and possible contamination by retinal
pigments. Differences in lipofuscin concentration between the left and right eyestalks
were evaluated, as this would significantly decrease the sample volume required for
each animal.
Pond-raised blue crabs. A cohort of wild caught blue crabs was raised in a
pond to investigate age and lipofuscin indices. A comparison of lipofuscin concentration
in blue crabs with respect to age would ideally, make use of reared known-age
individuals from a single female spawn. Since such individuals were not available, a
wild-sourced cohort of post-larval crabs less than 20 mm were used. Wild blue crabs
were collected using a 6.1 m otter trawl in September 2010 outside of the Little Manatee
River, FL (27°44'44.22"N, 82°29'46.69"W). The net bar width of the trawl was 8.2 m and
the cod end of the net is composed of 38 mm stretch mesh, with a 3 mm mesh liner.
Approximately 620 crabs ranging from 8 - 20 mm were removed from the trawl and
transported to the Stock Enhancement Research Facility (SERF) facility. Crabs were
placed in a round 10 m nursery tank for seven days to acclimate to pond conditions and
then 570 of the remaining crabs were stocked into a ¼ acre pond for the duration of this
study. The pond was monitored hourly for temperature with a HOBO Pendant
Temperature/Light Data Logger (Onset Computer Corporation), Cape Cod, MA. Salinity
and dissolved oxygen were monitored daily with a Hydrolab MS5 Sonde, (HACH
Environmental), Loveland, CO. Quarterly, 24 individuals were trapped in the pond using
commercial baited blue crab traps. Crabs were then measured, weighed, and assayed
for lipofuscin accumulation. In addition to quarterly sampling for lipofuscin, weekly
growth measurements were taken throughout the entire study. Twenty to seventy
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individuals were trapped using commercial blue crab traps in the pond and subsequently
measured for carapace width, length, and weight.
The cohort of wild blue crabs was a reasonable substitution for a cohort from a
single spawn, as age can be determined during the early instar stages of development.
Larval stage and early juvenile growth and duration have been well documented by
Costlow and Bookhout (1959) at various temperatures. At 250 C and 31 salinity, the
metamorphosis for zoeal and megalopae stages proceeded over a period of 45 days
(Costlow Jr & Bookhout 1959, Millikin & Williams 1984). During collection of the Tampa
Bay wild cohort, water temperatures were approximately 28° C and the average
carapace width of the crabs was 16.4 mm. These parameters suggest that the collected
wild cohort of crabs were approximately 13 weeks old. This includes 45 days of larval
development, and approximately 70 days of molting as juvenile crabs. It has been shown
that juvenile crabs molt every 13 days at 25° C, increasing each time by 25% (Tagatz
1968, Cadman & Weinstein 1988). Some variation in the age of individuals collected
may still occur, as seen in growth studies from Costlow & Bookhout (1959) (Table 1).
This is dependent on food availability, temperature, and salinity. While there is some
slight variation (less than 4 weeks), this will not hinder the detection of lipofuscin through
extraction as it has been shown that significant accumulation occurs only over three
month intervals (Puckett & Secor 2006).
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Table 1. Time of molting, expressed as days after hatching, for Callinectes
sapidus. Data from J.D. Costlow & Bookhout (1959).
Molt Stage
I
II
III
IV
V
VI
VII (to megalope)
VIII

Temp (C)/
Salinity
25
25
25
25
25
25
25
25

20.1

26.7

31.1

6-13
12-16
17-27
24-30
28-34
38
43
50

5-11
11-16
14-18
19
22
27
31
37

7-13
11-19
15-27
20-29
24-39
29-43
35-47
45-55

Extraction protocol. Both wild and pond-reared crabs collected for this study
were transported to the laboratory live and the following procedure was used for
extraction, based on protocols adapted from Ju et al. (1999) and Dickinson (2006). Prior
to sacrifice, morphological measurements are recorded (carapace width, carapace
length, weight, molt stage, sex, and visible injuries) followed by anesthetization of the
crabs in an ice bath. Once a crab was fully anesthetized, the eyestalk was removed and
tissue from the external portion of the eyestalk was excised from the structural chitin. No
retinal tissue from the eye was included, as this would result in an overlapping of
fluorescence readings (excitation range of 325 nm to 340 nm, and emission of 475 nm)
with the lipofuscin compounds fluorescence (excitation of 340 nm and emission of 405
nm) (Hill and Womersley 1991). External eyestalk tissue was then placed in a 4 mL
amber vial containing 2 mL of a 2:1 dichloromethane-methanol mixture (CH2Cl2-MeOH).
Vials were set on ice and sonicated at 20 watts for two minutes to extract lipofuscin
pigment from the solvent, then centrifuged on high power for 10 min. All the supernatant
was then transferred by pipette to a clean 4 mL amber vial. The supernatant was dried
completely under pressurized N2 gas. Upon completion of drying, the pellet was redissolved in 4 mL of methanol (MeOH) and vortexed, and 1 mL set aside for protein
12

determination. The fluorescence of the remaining 3 mL sample was measured (max
excitation 340, and max emission 405) using a Jasco Inc. FP 6200 Routine
Fluorescence Spectrophotometer (Jasco, Inc., Maryland, USA). Fluorescence readings
were calibrated against a quinine sulfate calibration curve (quinine sulfate dissolved in
0.1N sulfuric acid), with concentrations of 0 - 0.25 µg/mg, to achieve a quantitative
measure of lipofuscin.
The remaining 1 mL of sample was dried under N2, to remove the remaining
methanol, in preparation for protein measurement. Protein concentration was assayed
in order to normalize the fluorescence reading to protein concentration of the extracted
sample. The Fisher bicinchonic acid protein assay kit (BCA), protein standards in
concentrations of 0 - 400 µg/ml (400, 200,100, 50, 25,12.5, and 0 ug/L) and Hitachi U2000 spectrophotometer (Hitachi, Tokyo, Japan) were used to perform the protein
assay. The dried protein sample was re-dissolved in 200 µl of DI water. Then, a 100 µl
aliquot of sample or standard was added to 2 mL of the BCA Working Reagent and
vortexed at medium speed for two seconds. Samples were incubated at 600 C for 15
min, and cooled to room temperature. The absorbance of standards and samples were
measured at a wavelength of 562 nm using the Hitachi U-200 spectrophotometer, within
10 minutes of each other. The lipofuscin index (LF index) was then calculated as
follows:
LF index (ug lipofuscin/mg protein) = lipofuscin concentration (ug/mL)/ total
protein content (mg/mL).
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Statistical analysis. All statistical analyses were performed using SPSS version
19.0 (SPSS, Inc., Chicago, IL). Lipofuscin indices were natural log transformed to
satisfy assumptions of normality and homogeneity of variance. A paired-samples
student-t test was used for statistical analyses of inter-eye variability and preservation
studies. Regression analysis was performed to determine if lipofuscin is an accurate
predictor of age in crabs. Spearman correlations were used for growth and temperature
data of non-parametric data sets and Pearson correlations for parametric datasets. For
all statistical analyses, alpha was equal to 0.05.
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RESULTS

Comparison of lipofuscin indices between the left and right eyestalk in wild
Tampa Bay blue crabs. Ranges in sizes, weights, and lipofuscin indices for 128 wild
caught blue crabs used for objective one are shown in Table 2. Paired-samples studentt test analysis showed that the lipofuscin index in the right eyestalk was not significantly
different from that in the left eyestalk (n = 128, p > 0.05), and there was a strong linear
correlation between lipofuscin indices from bilateral eyestalks as well (Pearson
Correlation: n= 128, r = 0.703, p < 0.001) (Fig. 1).
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Table 2: Morphometric data and lipofuscin (LF) concentration in the left and right
eyestalks of Tampa Bay blue crabs
LF Index -

LF Index -

Right

Left

192.0

0.1365

0.13

136.6

137.0

0.05

0.04

Maximum

167.1

266.0

0.87

1.15

SD

7.3

31.2

0.15

0.19

N

35

35

35

35

Median

148.3

227.0

0.22

0.23

Minimum

121.5

120.0

0.07

0.05

Maximum

183.9

400.0

1.34

1.35

SD

11.5

61.0

0.18

0.24

N

93

90

93

93

Median

150.8

210.0

0.18

0.19

Minimum

121.5

120.0

0.05

0.04

Maximum

183.9

400.0

1.34

1.35

SD

10.6

57.4

0.18

0.23

N

128

125

128

128

Gender

Female

Male

All

Carapace Width (mm)

Weight (g)

Median

153.5

Minimum
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Figure 1. Lipofuscin (LF) concentrations of left and right eyestalks show a strong linear
correlation (Pearson correlation: n = 128, r = 0.703, p < 0.001). The solid reference line
has a slope of 1.

Lipofuscin indices between freshly prepared and frozen eyestalks. Ranges
in sizes, weights, and lipofuscin indices for the 127 wild Tampa Bay blue crabs used for
this objective are shown in Table 3. Paired-samples student-t test analysis showed that
the lipofuscin concentrations in the freshly examined sample were significantly higher
than the lipofuscin indices in the samples frozen for two weeks at -80ºC (n = 127, p <
0.001). In addition, a strong correlation did not exist between the two types of samples
(Pearson Correlation: n = 127, r = 0.387, p < 0.001) (Fig. 2).

17

Table 3. Morphometric and lipofuscin (LF) data for crabs used for comparison between
fresh and frozen eyestalks
Carapace Width

Gender

Female

Immature
Female

Male

All

(mm)

Weight (g)

LF Index -

LF Index -

Fresh

Frozen

Median

163.1

215.0

0.16

0.14

Minimum

119.0

130.0

0.10

0.03

Maximum

184.0

285.0

0.50

0.33

SD

12.7

39.2

0.10

0.07

N

57

57

57

57

Median

92.8

55.0

0.14

0.13

Minimum

56.0

20.0

0.10

0.06

Maximum

140.0

145.0

0.40

0.30

SD

21.5

34.3

0.10

0.07

N

19

19

19

19

Median

142.5

180.0

0.20

0.14

Minimum

53.0

15.0

0.06

0.04

Maximum

170.0

290.0

0.70

0.73

SD

30.2

75.9

0.13

0.15

N

51

51

51

51

Median

148.8

185.0

0.20

0.14

Minimum

53.0

15.0

0.05

0.03

Maximum

184.0

290.0

0.70

0.73

SD

33.0

75.8

0.11

0.11

N

127

127

127

127
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Figure 2. Lipofuscin (LF) concentration of frozen and fresh eyestalks did not show a
strong correlation (Pearson correlation: n = 127, r = 0.387, p < 0.001). The solid
reference line has a slope of 1.

Pond water quality and food availability. Blue crabs were raised in a pond to
investigate age and lipofuscin indices. The pond was managed based on criteria
determined by the SERF Facility pond management protocol. Pond water quality was
monitored daily for temperature, salinity, pH, and dissolved oxygen using a Hydrolab
MS5 Sonde, (HACH Environmental), Loveland, CO. Bi-monthly flushing was completed
to maintain pH and salinity levels. Over the course of the study, the pond temperatures
ranged between 8.60 and 32.30 C (Fig. 3). Mean weekly water temperatures for Tampa
Bay, FL were similar to the temperature regime of the pond (Pearson correlation: n = 44,
r = 0.980, p < 0.001). Salinity in the pond ranged from 9.8 to 28.5 in concurrence with
flushing and exchange of raw seawater followed by freshwater addition (Fig. 4). During
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May 2011, salinity was reduced to 11 and maintained through the end of the study to
reduce the prevalence and impact of Hematodinium sp., a parasitic dinoflagellate
present in the source water for the pond. This salinity maintenance was consistent with
previous lipofuscin studies of Ju et al. (1999, 2001, 2003; salinity: 10 - 15). During the
study period, pond pH values ranged from 8.2 to 9.4 (Fig. 5) and dissolved oxygen
ranged between 4.0 to 10.7 mg/L (Fig. 6).
Forage available to the crabs included, but was not limited to grass shrimp,
Palaemonetes sp., molly fish, Poecilia sp., and killifish, Fundulus sp. In addition to
natural forage, frozen baitfish, Decapterus punctatus, and squid, Loligo opalescens,
were provided at levels between 2% and 4% of the estimated crab biomass in the pond.
Feed trays were employed to monitor feed consumption. Approximately 10% of the daily
ration was divided between feed trays and checked prior to the next day’s feeding.
When feed trays contained residual feed for longer than 24 hours, the subsequent
feeding was reduced or omitted. At no point were the crabs limited in food availability.
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Figure 3. Comparison of mean water temperatures (°C) from Tampa Bay and the SERF
blue crab pond. Pearson correlation: n = 44, r = 0.980, p < 0.001.
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Figure 4. Weekly salinity values for the SERF blue crab pond.
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Figure 5. Weekly pH values for the SERF blue crab pond.
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Figure 6. Weekly dissolved oxygen concentrations for the SERF blue crab pond.

Lipofuscin analysis of pond-reared crabs. A total of 105 known-age crabs
were analyzed for lipofuscin concentrations (Table 4). Even though there was a
relatively wide range of lipofuscin values for each specific known-age, regression
analyses indicated that a negative linear relationship existed between the lipofuscin
index and chronological age for all 105 known-age crabs (Fig. 7). Regression analyses
also were performed separately for males (Fig. 8), immature females (Fig. 9), and
mature females (Fig. 10) to determine whether any gender specific differences occurred
within this population. Both males and immature females demonstrated a negative
linear relationship. Mature females, on the other hand, showed an increase in lipofuscin
values between eight to nine months of age, and then, the lipofuscin index decreased
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between the nine and twelve month samples; thus, resulting in an overall negative trend
(Fig. 10).

Table 4. Age, weight, carapace width, and mean lipofuscin indices of known-age crabs

Gender

Female

Immature
Female

Male

All

Carapace Width (mm)

Weight (g)

LF Index

Median

142.5

155.0

0.28

Minimum
Maximum
SD
N

116.0
160.0
11.4
25

111.0
245.0
29.8
25

0.11
0.64
0.15
25

Median

101.5

74.5

0.48

Minimum
Maximum
SD
N

32.4
128.0
34.4
28

3.0
122.0
44.0
28

0.21
1.82
0.32
28

Median

124.2

138.5

0.41

Minimum
Maximum
SD
N

36.0
167.5
45.0
52

4.10
335.0
105.2
52

0.15
2.10
0.47
52

Median

123.1

130.0

0.40

Minimum
Maximum
SD
N

32.4
167.5
41.8
105

3.0
335.0
87.0
105

0.11
2.10
0.39
105

25

Figure 7. Linear regression relationship between chronological age and lipofuscin (LF)
index of known-age blue crabs.
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Figure 8. Linear regression relationship between age and lipofuscin (LF) index of
known-age male blue crabs.
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Figure 9. Regression relationship between age and lipofuscin (LF) index of immature
known-age female blue crabs.
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Figure 10. Regression relationship between age and lipofuscin (LF) index of known-age
female blue crabs.

Growth of pond-raised blue crabs. Blue crabs were collected in Tampa Bay
and stocked in the pond as juveniles (average carapace width = 16.4 mm) on
September 23, 2010. Carapace width, weight, gender, and injuries of blue crabs were
measured weekly over the course of the pond experiment. In addition to weekly
sampling a full assessment of the population was completed on April 11, 2011. During
this sampling the pond was drained and all crabs measured for carapace width, weight,
gender, and injuries. The measurements were not greatly different during this sampling
compared to the previous or post samples (Fig. 11, Fig. 12). This suggests that the
weekly samples are indicative of the entire population for both males and females,
regardless of the small proportion of individuals measured weekly. Due to the dimorphic
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characteristics of carapace width and weight in blue crabs (Figs. 11, 12) all data were
analyzed and graphically represented based on gender.

Figure 11. Median carapace width of known-age blue crabs, for different sexes and
maturity stages.
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Figure 12. Median weight of known-age blue crabs, for different sexes and maturity
stages.

Growth in carapace width for both males and immature females was relatively
rapid from October to December, despite dramatic drops in temperature of
approximately 200 C. The fact that the population continued to grow, indicated that
these low temperatures had little effect on growth (Figs 13, 14). The first crab of legal
size (crabs with a carapace width > 127.0 mm are considered exploitable) was caught in
the pond on November 9, 2010, at 19 weeks old. Water temperatures reached a low on
December 7, 2010 and then began to increase, after which the correlation between
carapace width and temperature became positive for both males (Spearman correlation:
r = 0.694, p < 0.01) and immature females (Spearman correlation: r = 0.135, p < 0.01)
(Figs 13, 14).
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Figure 13. Comparison of median male carapace width to mean weekly temperatures
of the SERF pond.
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Figure 14. Comparison of median female carapace width and mean weekly
temperatures of the SERF pond. January 20, 2011 is the date the first mature female
was trapped and April 6, 2011 is the date the last immature female was trapped in the
pond.

No correlation (Spearman correlation: r = -0.022, p = 0.662) existed between
females and temperature during the transition from immature to mature females during
January 2011 (Fig. 14). The lower correlation between growth and temperature in late
immature and mature females may be due to the fact that once female blue crabs
mature, they no longer molt (Tagatz 1968). Following the terminal molt there were no
increases in carapace width, and only insignificant increases in weight.
The median weekly increase (week2 - week1 = ∆ carapace width) in carapace
width of males and immature females, and temperature was significantly correlated.
Crab growth initially appeared to be independent of temperature; however, change in
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carapace width between sampling periods was more strongly correlated with
temperature during the October to December period for males (Spearman correlation r =
0.55, p = 0.05) and females (Spearman correlation r = 0.717, p = 0.03) (Figs 15, 16).
This observation is indicative of the discrete growth of blue crabs and as temperature
decreased, growth rate decreased. Growth patterns between male and immature and
mature females were variable (Figs 17, 18, and 19). When crabs of the same age were
sampled, the carapace widths varied up to 80, 50, and 60 mm for males, immature
females, and mature females, respectively.
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Figure 15. Comparison of weekly median male carapace width weekly and mean
weekly temperatures in the SERF pond.
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Figure 16. Comparison of weekly median female carapace width mean weekly
temperatures in the SERF pond. January 20, 2011 is the date the first mature female
was trapped and 4/6/2011 is the date the last immature female was trapped.
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Figure 17. Weekly median male carapace width (circles) and range from the SERF
pond.
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Figure 18. Weekly median (circle) immature female carapace width and range from the
SERF pond.
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Figure 19. Weekly median (circle) mature female carapace width and range from the
SERF pond.

Increase in blue crab weights followed similar patterns to that of increase in
carapace width during the study period. Initial weight of males increased rapidly from
October to December. For the remainder of this study, male weight gain continued in a
slower, but linear manner, and was closely correlated (Spearman correlation: r = 0.752,
p <0.001) with temperature (Fig. 20). Unlike weekly increases in carapace width, there
was no correlation between weekly increases (grams per week) in weight and
temperature Spearman correlation: r = 0.263, p = 0.41 (Fig. 21). In addition, no
correlations between females, both immature (Spearman correlation: r = -0.276, p =
0.283) and mature (Spearman correlation: r = -0.101, p = 0.623) were observed
regarding weight and temperature (Fig. 22, Fig. 23).
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Figure 20. Comparison of weekly median male weight to mean weekly temperature of
the SERF pond.
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Figure 21. Comparison of weekly median male weight increase to mean weekly
temperatures of the SERF pond.
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Figure 22. Comparison of median female weight to mean weekly temperatures of the
SERF pond. January 20, 2011 is the date the first mature female was trapped and
4/6/2011 is the date the last immature female was trapped.
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Figure 23. Comparison of female weekly weight increase to mean weekly temperatures
of the SERF pond. January 20, 2011 is the date the first mature female was trapped
and 4/6/2011 is the date the last immature female was trapped.

Lipofuscin analysis of greenhouse-raised blue crabs. An additional trial of
lipofuscin determination was done with a group of known-age crabs from a Mississippi
spawn. Crabs were transported to SERF at an average carapace width of 13.9 mm and
then confined to individual cylindrical cages (diameter 12 in). Unlike the crabs reared in
the SERF pond, the Mississippi crabs were placed on a food-limited diet that consisted
of three weekly feedings of either pellet feed or small pieces of Cigar minnows,
Decapterus punctatus. A total of 80 blue crabs were analyzed for lipofuscin content over
a seven-month period. Regression analysis revealed no significant relationship between
lipofuscin concentration and age (Fig. 24). Similarly to the pond-reared crabs, the
lipofuscin indices of the oldest crab were the same or lower than those of younger crabs.
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Figure 24: Regression relationship between age and lipofuscin (LF) index of Mississippi
blue crabs reared in a greenhouse setting at SERF.
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DISCUSSION

The application of lipofuscin based age analysis has been utilized in multiple
fisheries, most recently for the blue crab in Chesapeake Bay. The Florida blue crab
fishery could potentially benefit from this unique molecular technique; however, it first
must be validated to ensure that the methodology can be applied to the Tampa Bay
population. Standardization of this aging method is essential to the application,
comparison, and interpretation of results across regions of a single state, as well as
across the large geographic range and temporal scale of the western Atlantic and Gulf of
Mexico blue crab fisheries.
Investigations into differences in lipofuscin concentration of right and left
eyestalks from individual crabs served two validation purposes. First, this study
validated that the biochemical method developed by Chesapeake Bay researchers, Ju,
Harvey, and Secor (1999, 2001) is effective in extracting age pigments from Tampa Bay
blue crab. The current study observed lipofuscin extracts at emission and excitation
wave-lengths of 405 and 340 nm, respectively, similar to that reported by Ju et al. (1999
& 2001) and Puckett et al. (2006 & 2008). Secondly, this study validated the findings of
previous studies [blue crabs; (Ju et al. 1999, 2001, Puckett et al. 2008) and spiny
lobsters (Panulirus argus); (Maxwell et al. 2007)] that right and left eyestalks contain
statistically similar concentrations of extractable age pigments. In this study, no
significant differences were found between the right and left eyestalks (t = -0.577, df =
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128, p = 0.565). The results of this study greatly increased (by 50%) the total number of
reported lipofuscin samples analyzed.
Little work has been done to assess the impact of preservation via freezing on
tissue samples used for lipofuscin. In the current study, the fact that right and left
eyestalks contained statistically similar concentrations of extractable age pigments
allowed comparison of the effects of freezing by using a pair of eyestalks from individual
wild blue crabs (one fresh and the other frozen). Results demonstrated that there was a
significant difference (p < 0.001) in the lipofuscin concentration between frozen eyestalk
tissue and freshly processed eyestalk tissue. In contrast, previous researchers have
used both fresh and frozen samples, when in fact there may have been a significant
change in lipofuscin concentrations. Various techniques have been used to preserve
tissue samples prior to lipofuscin extraction, including both freezing and fixatives (Nicol
1987, Hill & Womersley 1991); however, each has different effects on the lipofuscin
concentration of the resulting extract. For example, Nicol (1987) freeze-dried samples of
the euphausiid, Meganyctiphanes norvegica, and subjected them to a variety of
preservation techniques. Treatments with formalin and acetone yielded higher
fluorescence than those solely freeze-dried. No trials were performed to determine the
difference between freshly processed samples and those freeze-dried. For these
reasons, Ju et al. (1999) chose to process all samples fresh to avoid any chemical or
freezing interactions. On the other hand, Puckett et al. (2006, 2008) decided to freeze
samples at -80°C based on the findings of Ettershank et al. (1983), after they determined
that there was no significant difference between fresh and frozen thoraces in flesh flies.
Ettershank et al. (1983), however, only used a small sample size (n = 6) to determine
differences between alcohol preserved, frozen, and fresh flesh flies. Thus, use of small
sample sizes can be misleading, especially when used for statistical significance. In the
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current study, a relatively large sample size (n = 127) was used to determine the
significant difference between fresh and frozen samples. Since two previous studies
(Nicol 1987, Hill & Womersley 1991) also found problems with preservation techniques,
this suggests that lipofuscin concentrations are altered via preservation and, therefore,
lipofuscin samples should only be analyzed fresh and not be preserved.
In this study, lipofuscin indices also were determined for a population of knownage blue crabs. In marine systems, this extraction technique has been applied to a
number of different species; the ghost shrimp, Neotrypaea califoniensis (Bosley &
Dumbauld 2011), euphausiids, E. pacifica and E. superba (Harvey et al. 2010), the blue
crab, Callinectes sapidus (Ju et al. 1999, 2001, Puckett et al. 2008), the teleost fish,
Oreochromis mossambicus (Hill & Womersley 1991), western rock lobster, Panulirus
Cygnus, scampi, Metanephrops andamanicus (Crossland et al. 1988), the spider crab,
Hyas araneus (Hirche & Anger 1987), and the terrestrial flesh fly, Sarcophaga bullata
(Ettershank et al. 1983), all of which showed an accumulation of lipofuscin over time. In
contrast, the current study found that known-age blue crabs, raised over a 12-month
period, did not show a positive linear increase in lipofuscin over time. Instead, a decline
in lipofuscin with age was observed for male and female blue crabs in the Tampa Bay
study population.
The lack of a positive trend between lipofuscin and age also was observed by
Manibabu and Patnaik (1997) and Majhi (2000) based on lipofuscin concentrations in
brains of male garden lizards and using a similar method (fluorescent excitation at 345
nm and emission at 445 nm). In addition, an investigator from the gerentological field
(Sheehy 2008) raised concerns that this extraction method may not be sufficiently vetted
for use in aging. Hence, the lack of validation of the lipofuscin method encountered in
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the current blue crab study and other previous studies indicate that this method should
only be used after a rigorous validation for a specific population. Considering all aspects
of the methodology, it appears there may be multiple factors contributing to the observed
“decrease” in the lipofuscin compound over time in Tampa Bay blue crabs, including (1)
the inability to accurately identify lipofuscin molecules, (2) protein may be an unsuitable
compound to standardize lipofuscin concentrations, and (3) possible “false positives”
resulting from the detection of compounds that react similarly to, but do not include,
lipofuscin.
The lipofuscin compound autofluoresces and has been thoroughly documented
through in-situ experimentation. However, due to the heterogeneity of the compound
when identified and quantified with microscopy versus spectrofluorometric
measurements via extraction a problem arises (Yin & Brunk 1991). Over the past
century, microscopists have observed lipofuscin granules emitting yellow-orange or
brown-red autofluorescence in intracellular lysosomal bodies of postmitotic tissues (Yin
& Brunk 1991, Katz & Robison Jr 2002), when excited with UV and blue light (Yin &
Brunk 1991). Lipofuscin granules were correlated with wavelength ranges of 450 – 640
nm (Sheehy 1990, Yin & Brunk 1991, Medina et al. 2000, Katz & Robison Jr 2002, Li et
al. 2006, Pereira et al. 2010). These emission wavelengths are not consistent with those
reported by Ju et al. (1999, 2001) and Puckett et al. (2008), in which emission
maximums were read at the violet wavelength peak of 405 nm. Yin and Brunk (1991)
suggest that the extraction technique results in a more diluted sample than histology,
causing a quenching or spectral shift in emissions down to the blue wavelengths of 400 490 nm (Yin & Brunk 1991). This specific fluorescence correlates with malondialdehyde
(MDA), a secondary product of lipid peroxidation forming compounds exhibiting blue
fluroesence (Yin & Brunk 1991).
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The lipofuscin extraction methodology specifically operates under the assumption
that lipid-perioxidation is a precursor to lipofuscin accumulation. These postulations are
based on early studies by Chio et al. (1969) and Sheehy (2008). While lipofuscin does
derive from native lipid-perioxidation, more recent molecular analysis has shown that it
may not, in fact, be the source of extractable autofluorescence (Schutt et al. 2003,
Szweda et al. 2003, Sheehy 2008). Palmer et al. (2002) hypothesized that the
fluorescence is in fact a type of light-scatter due to the packing of protein molecules into
subcellular organelles (Sheehy 2008). Understanding the origin and properties of the
molecules that autofluoresce is crucial to identifying the compound of interest (Sheehy
2008).
Another issue with the lipofuscin extraction method may be the normalization of
lipofuscin to the mass of tissue. The tissue mass used for each lipofuscin assay is
dependent on the size of the animal sacrificed. In an effort to account for this variability,
the extraction methodology normalizes lipofuscin to protein. Due to the small cellular
nature of the lipofuscin compounds, significant dilution occurs in the extraction process
(Yin & Brunk 1991). If the protein concentration is significantly higher than that of
lipofuscin, as occurs in large crabs, it may dominate the lipofuscin to protein ratio and
may not be truly indicative of the crab’s age. Crossland et al. (1988) used protein
normalization as an alternative to fresh weight, but later rejected this method as they did
not observe any correlation between protein concentration per eyestalk and carapace
size (Crossland et al. 1988).
Interference from non-lipofuscin compounds is another potential problem that
may have created a false positive result in the current study. It is possible that another
of the many autofluoescent compounds not associated with lipofuscin was present in
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blue crab tissues and was excited by UV light in the extracts. Because those
compounds cannot be differentiated, we are unable to specifically quantify lipofuscin
(Udenfriend 1962, 1969, Sheehy & Ettershank 1988, Brunk & Terman 2002). When
Crossland et al. (1988) examined different tissues for fluorescence emission maxima,
they found that variations existed between lipofuscin concentrations in tail muscle,
antennal muscle, cerebral ganglia, heart, pereiopid, and eyetalks. This is possibly due
to the interaction of different fluorophores and absorbing molecules in the extracts
(Crossland et al. 1988). Compounds that exhibit properties similar to lipofuscin include
simple proteins, carotenoids, folic acid-derivatives, and pyridine nucleotides (Sheehy et
al. 1996, Sheehy 2008). In arthropods, pteridines accumulate over time, and are also
identified by similar fluorescence properties (Sheehy 2008). In 2009, Robson and
Crozier compared the accumulation of pteredines and lipofuscin in the social ant,
Polyrhachis sexpinosa. Pteridine and lipofuscin extracts were excited at 355 nm and
340 nm, and produced emissions at 445 nm and 410 nm respectively. Over a period of
200 days, the study confirmed quantifiable levels of both substances. Most notably,
pteridine concentration increased with weight, but was independent of age (Robson &
Crozier 2009). Although little research has been done on the occurrence and
distribution of pteridines in crustaceans, Waywell and Corey (1972) examined pteridines
in nine species of crayfish and determined that the hypodermis and eyestalks had the
greatest number of pteridines in all organs examined. While the function is not well
understood, there is an agreement that this compound is present in eyestalks of
crustaceans (Waywell & Corey 1972).
The similarity of techniques to identify multiple compounds, which may or may
not accumulate with age, poses a large problem for quantifying lipofuscin through
extraction. In addition, the lack of ability to purify the lipofuscin compound may increase
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the probability of contamination. For the reasons discussed above, a known-age curve
could not be created for the Tampa Bay blue crab population using the lipofuscin index
method due to the negative linear trend between lipofuscin and age. Until the method
can be vetted for use on the Tampa Bay population the most accurate and useful data
are those obtained through weekly morphometric measurements taken from the knownage population reared in this study.
Even though the lipofuscin results did not provide a good prediction of age in
Tampa Bay blue crabs, the growth measurements for the pond-raised crabs provide new
information for the Tampa Bay blue crab fishery. Current Tampa Bay stock
assessments predict that the age in which blue crabs enter the fishery (127 mm) to be
12 months and older (Murphy et al. 2007). These ages were selected based on studies
from Chesapeake Bay, Texas, and the St. John’s River, FL due to the data-poor nature
of the Florida blue crab fishery (Churchill Jr. 1919, Van Engel 1958, More 1969). The
current known-age pond study revealed that crabs first reached legal size at
approximately 19 weeks, less than 5 months old.
Growth rates obtained from pond-raised crabs, however, have been criticized
owing to artificially enhanced growth rates from supplemental feed, which ranged from
about 2-5% body weight/day (BWD) during this study. Chesapeake Bay blue crabs
reared in a similar pond environment with no supplemental feed crabs also grew rapidly
(Puckett et al. 2006). A cohort of known-age crabs was released in September when
temperatures were 20 C. Growth was monitored until the following spring and it was
concluded that crabs could reach 127 mm within nine months. However, crabs in higher
latitudes go into torpor when temperatures drop below 10 C. Therefore, this cohort
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ceased growing from mid November to early March, delaying maturation (Puckett et al.
2006).
While crabs were most likely fed to satiation in the pond setting, one must
consider the abundance of vegetation, fish, and carrion in the Tampa Bay ecosystem
system that is available to blue crabs. Tagatz (1969) has shown that blue crabs have a
very diverse diet and are capable of occupying multiple niches in order to thrive in
varying ecosystems. However, it is important to assess the possible food limitation of
blue crabs in Tampa Bay to confirm that the pond did not provide enhanced growth
rates. Stock assessments predict that females reach sexual maturity at approximately
12 months, while the pond study observed the first mature female at approximately
seven months and the last immature female present at ten months. Age at which
females reach sexual maturity has great implications for the fishery, since once females
have mated, they are capable of storing sperm for up to a year, and spawning up to
seven times (Hines et al. 2003, Dickinson et al. 2006).
Another notable aspect to take away from the growth studies is the rapid
increase in carapace width and weight observed during the October through January
period of low temperatures. During this period, water temperatures reached their lowest
level, and yet growth was highest for males and immature females. Previous studies
have reported that temperature is a primary factor in determining metabolism and growth
in blue crabs (Tagatz 1969, Leffler 1972); thus, the relatively high growth rate achieved
during this period was not expected. Blue crabs likely optimize growth to avoid
predation, in order to survive and mate. Leffler (1972) studied salinity and temperature
effects in blue crabs obtained from Cedar Key, Fl. All experimentation was done in a
controlled lab setting, and crabs were fed to satiation. When crabs were subjected to
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temperatures of 20 - 34 C they grew from 22 mm to 58 mm in 4 - 7 molts, in 80-100
days. These studies projected that crabs in northern Florida inhabiting waters having
temperatures ranging from 20 - 27 would reach exploitable size in seven to eight
months (Leffler 1972). The results of this study confirm the findings of Leffler (1972) and
show that Florida blue crabs are capable of reaching exploitable size in seven to eight
months if not sooner. In contrast, the growth increments between weekly sampling were
correlated with temperature as expected. While there were increases in growth through
the winter season the change in size decreased as temperatures became cooler.
Given that pond conditions were similar to those of Tampa Bay (Fig. 3), including
temperature, salinity, and food availability, we can infer that the growth observed in pond
crabs could potentially occur in Tampa Bay wild populations. Using these types of pond
growth data in stock assessment models may improve our understanding of the blue
crab stocks in Florida. Currently, three population models are used: Non-equilibrium
biomass dynamics modeling, stochastic stock reduction analysis, and catch survey
analysis. Age remains one of the most important biological factors in these models,
more particularly maximum age and age at maturity or exploitation by the fishery.
Estimates of maximum age of 3 - 6 years are based on the findings of Van Engel (1958),
and Rothschild and Ault (1992) of Chesapeake Bay. Biological data adopted from more
northern latitudes may be problematic when used in semi-tropical region like Florida.
Differences between these two regions include temperatures, seasonality, and
hydrological environments, and how they affect the biology of the blue crab.
In Florida when maximum age is assumed to be six years, stock assessments
using the non-equilibrium biomass dynamics model, stochastic stock reduction analysis,
and catch survey analysis suggest that overfishing is occurring on both the Atlantic and
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gulf coasts of Florida. However, when a maximum age of three years is assumed there
is no overfishing on either coast. Rapid growth observed in the known-age population of
this study suggest that the lifespan of the blue crab is shorter than the current
presumption of 3 - 6 years and is more likely to be 1 - 3 years, for the Tampa Bay blue
crab population (Murphy et al. 2007). These pond grow out findings of the current study
corroborate the findings of Tagatz (1968) in the St. John’s River, FL, which indicated that
few blue crabs live for longer than one year.
Improving upon current assessments is essential to adequate fishery
management and should be coupled with further investigations into the understanding
additional factors that influence the blue crab populations. The rapid growth of Florida
blue crabs suggests that the interannual variability in abundance may be strongly
influenced by environmental factors. Indeed, recent studies by Sanchez-Rubio et al.
(2011) highlight the importance of climate-related hydrological regimes on abundance of
juvenile blue crabs. This research found significant differences in Louisiana and
Mississippi populations during wet and dry regimes influenced by the Atlantic
Multidecadal Oscillation (AMO) and the North Atlantic Oscillation (NAO). AMO and NAO
are important drivers of long-term hydrological conditions in both states driving river flow
and salinity regimes in the region. This is congruent with the findings of Guillory (2000),
who also related river flow to blue crab abundance. Increased availability of low-salinity
habitats reduced intra- and interspecific predation (Guillory 2000). Recruitment into the
fishery is influenced by these environmental factors and, in turn, may determine the
strength of each year-class (Sanchez-Rubio et al. 2011). Successfully used,
management can infer how the recruitment and fishery may be affected in upcoming
years based on environmental data. This is especially important when managing a
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species such as blue crabs that potentially functions as an annual crop in Florida, where
each season of recruitment directly affects that year’s fishery productivity.
Age determination through lipofuscin analysis has proved to be a useful tool in
many fishery applications. While not successful here, growth data obtained through
weekly morphometric measurements has proven to be invaluable new information for
the Florida blue crab fishery and stresses the importance of traditional age and growth
techniques to aid in fishery assessments. Rapid growth of Florida blue crabs suggests
the presence of annual crops that are not as much affected by longevity, but more
through environmental factors. Research emphasis on habitat, hydrological, and
disease effects on population dynamics may be the most logical future step for the
Florida blue crab fishery.
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